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abstract: Carotenoid-based sexual traits are thought to be reliable
indicators of male quality because they might be scarce and therefore
might indicate the ability of males to gather high-quality food and
because they are involved in important physiological functions (as
immune enhancers and antioxidants). We performed an experiment
where male and female zebra finches (Taeniopygia guttata) were pro-
vided with increasing carotenoid doses in the drinking water during
4 weeks (bill color of this species is a carotenoid-based sexual signal).
Simultaneously, birds were split into two groups: one receiving weekly
injections of Escherichia coli lipopolysaccharide in order to activate
the immune system, the other being injected with the same volume
of phosphate buffered saline. We assessed how carotenoid availability
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and immune activation affected the amount of circulating plasma
carotenoids, the beak color, and the antioxidant defenses (assessed
as the resistance of red blood cells to a controlled free radical attack).
Carotenoid availability affected the amount of circulating carotenoids
and beak color; both variables reached a plateau at the highest ca-
rotenoid doses. Immune activation diverted carotenoids from
plasma, and this in turn affected the expression of the sexual trait.
Finally, we found a positive correlation between the change in cir-
culating carotenoids and antioxidant defenses. These results support
the idea that carotenoids have important physiological properties
that ensure the honesty of carotenoid-based sexual traits.
Keywords: immune activation, oxidative stress, ornamental colora-
tion, plasma carotenoids, sexual selection, zebra finch.
One of the major goals of studies on sexual selection has
been to identify the information content of sexual signals
and the mechanisms preventing cheating (Zahavi 1975;
Grafen 1990; Espmark et al. 2000). Indeed, if signals do
carry information about any aspect of the signaler, the
receiver has to trust it if it wants to base its choice on the
signal (Wiley 1994). Mate choice is a particularly relevant
field of application of this idea because females use male
secondary sexual traits to assess the phenotypic and/or
genetic quality of their mate (Andersson 1994). So what
prevents males from developing unreliable sexual signals?
It is now relatively well established that costs associated
with either the production or the maintenance of the signal
can prevent cheating (Johnstone 1995). However, the cur-
rency of these costs is currently still debated and probably
depends on the nature of the signal involved.
Many animals harbor brightly colored patches of skin
or feathers. Carotenoids have been identified as the main
pigments involved in the expression of yellow to red sexual
signals in fish and birds (Olson and Owens 1998). These
pigments cannot be synthesized by vertebrates and have
to be ingested with food. For this reason, carotenoid-based
sexual signals have been considered good examples of hon-
est signaling because they might reliably reflect individual
652 The American Naturalist
ability to find high-quality food (Endler 1980; Hill 1990;
Grether et al. 1999; but see Hudon 1994). Of course, this
is based on the implicit assumptions that carotenoids are
limiting and/or that all individuals do not have the same
carotenoid assimilation efficiency (Craig and Foote 2001).
More recently, taking advantage of the literature on nu-
trition and health, evolutionary biologists emphasized that
the honesty of carotenoid-based signals might also be re-
inforced because carotenoids have many functions (Lo-
zano 1994; Hill 1999; von Schantz et al. 1999). Indeed,
beyond their role in the expression of colored signals, they
also have immunomodulatory and antioxidant properties
(Burton 1989; Chew 1993). Individuals that invest carot-
enoids in sexual signaling could not do so without di-
verting them from the immune and the detoxification sys-
tem (Lozano 1994).
Recently, these ideas have received experimental sup-
port. Male blackbirds (Turdus merula) have an orange to
yellow beak that is used in intra- and possibly intersexual
interactions (Faivre et al. 2001; Bright and Waas 2002).
Beak color appears to be due to carotenoids (Faivre et al.
2003). By activating the immune system with an injection
of sheep red blood cells, Faivre et al. (2003) were able to
show that males exposed to the antigen exhibited a change
in beak color from orange to yellow. This result suggests
a trade-off between carotenoids used for the expression of
the signal and carotenoids used by the immune system.
In agreement with this view, recent studies in birds (Blount
et al. 2003; McGraw and Ardia 2004) and fish (Grether et
al. 2004) have shown that supplementing carotenoids re-
sults in enhanced expression of both sexual signals and
immune response in males.
In spite of these recent advances, we still lack an inte-
grated and comprehensive view of the action of caroten-
oids on sexual signaling, immune functioning, and free
radical scavenging. Here, we performed an experiment
with zebra finches. Males of this species have an orange
to red beak that is used by females as a signal in mate
choice (Burley and Coopersmith 1987; Blount et al. 2003;
but also see Collins and ten Cate 1996). Females have an
orange beak, but it is not known whether males use female
beak color to choose a mate. We assigned males and fe-
males to six groups that received an increasing dose of
carotenoids in the drinking water. Furthermore, within
each carotenoid group, we repeatedly activated the im-
mune system of half of the birds with lipopolysaccharide
(LPS) of Escherichia coli, whereas the other half was used
as a control (injected with phosphate buffered saline
[PBS]). LPS induces an inflammatory response by non-
specifically activating a wide array of cells, including mac-
rophages and heterophils, only a few hours after exposure
(Janeway and Travers 1999). The inflammatory response
is followed by the production of anti-LPS antibodies (Pox-
ton 1995; Janeway and Travers 1999). Interestingly, cells
of the innate immune response release nitric oxide (NO)
to fight off the invading pathogen (here simulated by the
LPS injection). NO is a free radical that has a damaging
effect on the pathogen and potentially also on host cells
and molecules (Ahmad 1995).
With this experimental design, we were therefore able
to address the following questions: How does the level of
carotenoid availability affect beak color? Do females al-
locate carotenoids to beak color in the same way as do
males? Does immune activation divert carotenoids from
plasma and sexual signals in a dose-dependent way? Does
increased carotenoid availability enhance antioxidant
defenses?
Methods
General Procedure
This study was carried out on a zebra finch popula-
tion ( individuals) housed in indoor facilities.Np 120
Birds were maintained in individual cages (0.6 m# 0.4
m) for the duration of the experiment (28 days),m# 0.4
under constant temperature (21C, to the nearest 1C) and
photoperiod (13L : 11D). Food (a commercial mix of seeds
for exotic birds mainly composed of millet and canary
grass seed) was provided ad lib. Two birds of the same sex
were kept per cage with a separation in the middle to
ensure that each bird was isolated.
Blood samples and a digital picture of the bill were taken
twice for each bird during the experiment (day 0 and day
28). Body mass (to the nearest 0.1 g) was also measured
at day 0 and day 28. Pictures were taken with a digital
camera (NV-MX7EG, Osaka) in a standardized way with
a Repro lighting unit (Kaiser Fototechnik, Buchen). The
color of the bill was analyzed with the Sigma Scan Pro
software (SPSS, Chicago). Hue (i.e., redness, expressed as
the angle of the color wheel) of the upper surface of the
bill was determined as the mean value of 10 measurements
(10 randomly selected points) taken by the same person
(S.B.) blindly with respect to the treatment of each indi-
vidual. This color parameter (low values of hue indicate
redder color) has already been extensively used to measure
variation in bill color in zebra finches (Burley et al. 1992;
Birkhead et al. 1998; Blount et al. 2003). Blood samples
(∼100 mL) were collected from the brachial vein using
heparinized capillaries. Afterward, samples were centri-
fuged, and the plasma was separated and stored at20C.
Manipulation of Carotenoid Availability
Ten males and 10 female zebra finches were randomly
distributed to six groups of increasing carotenoid avail-
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Table 1: ANCOVA on change in plasma concentration
of total carotenoids between the start and the end of the
experiment (value at day 28 minus value at day 0)
Source of variation df F P
Sex 1, 95 1.47 .228
Immune treatment 1, 95 8.64 .0041
Carotenoid dose in the water 1, 95 35.51 !.0001
Squared carotenoid dose in
the water 1, 95 15.28 .002
Sex # squared carotenoid
dose in the water 1, 95 5.07 .0266
Note: Sex and immune treatment are factors, and carotenoid dose
in the drinking water and its squared term are covariates.
Figure 1: Relationship between change in plasma carotenoids during the 4 weeks of the experiment and the concentration of carotenoids in the
drinking water for male (open circle, dotted line) and female (filled circle, solid line) zebra finches.
ability. Birds assigned to the first level were provided with
only water and therefore were considered as controls. Birds
in the other five groups received 12.5, 25, 50, 100, and
200 mg/mL of carotenoids diluted in the drinking water,
respectively (Oro Glo liquid, 11 mg/mL lutein and zea-
xanthin [20 : 1, w/w]; Kemin France SRL, Nantes). All
drinks were freshly prepared each day using cool water
and were provided in opaque dispensers in order to avoid
oxidation (Blount et al. 2003). Lutein and zeaxanthin are
the most abundant carotenoids in the diet of captive zebra
finches, representing more than 90% of all dietary carot-
enoids (McGraw et al. 2002).
Activating the Immune System
Within each carotenoid group, birds were randomly as-
signed to two immune activation treatments. Half of the
birds (five males and five females per carotenoid group)
were injected intraperitoneally with 0.01 mg of LPS from
the cell wall of Escherichia coli (serotype O55:B5; SIGMA,
St. Louis) diluted in 0.1 mL of PBS (concentrationp
mg/mL). The other half was used as a control and0.1
injected with the same volume (0.1 mL) of PBS. In order
to maintain the immune challenge during the 4 weeks of
the experiment, birds were injected once per week.
Measuring Plasma Carotenoids
Twenty microliters of plasma was diluted in 180 mL of
absolute ethanol. The dilution was mixed in a vortex, and
the flocculent protein was precipitated by centrifuging the
sample at 1,500 g for 10 min. We examined the supernatant
in a spectrophotometer and determined the optical density
of the carotenoid peak at 450 nm. Carotenoid concentra-
tion was determined from a standard curve of lutein. All
samples from the same individual were analyzed in the
same plate. In order to assess the reliability of this tech-
nique, high-performance liquid chromatography (HPLC)
analyses were also performed on 18 plasma samples and
were compared with colorimetric measurements. HPLC
determined the presence of four carotenoids in the plasma
of zebra finches (lutein, zeaxanthin, anhydrolutein, and b-
cryptoxanthin; see also McGraw et al. 2002). The total
amounts of carotenoids determined by the two techniques
were highly correlated ( , , ).rp 0.95 np 18 P ! .0001
Therefore, our colorimetric measurements can be consid-
ered as representative of total plasma carotenoid
concentration.
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Figure 2: Relationship between change in plasma carotenoids during the 4 weeks of the experiment and the concentration of carotenoids in the
drinking water for zebra finches injected with lipopolysaccharide (filled circle, solid line) or with phosphate buffered saline (open circle, dotted line).
Table 2: ANCOVA on change in bill color (hue) between
the start and the end of the experiment (value at day 28
minus value at day 0)
Source of variation df F P
Sex 1, 114 9.38 .0027
Immune treatment 1, 114 3.66 .0583
Carotenoid dose in the water 1, 114 10.42 .0016
Squared carotenoid dose in
the water 1, 114 5.26 .0237
Note: Sex and immune treatment are factors, and carotenoid dose
in the drinking water and its squared term are covariates.
Assessment of Global Antioxidant Defenses
A subsample of whole blood taken from day 28 was used
to assess total antioxidant defenses. This was done by mea-
suring the time needed to hemolyze 50% of the red blood
cells exposed to a controlled free radical attack. We used
the KRL test (Brevet Spiral V02023, Couternon; http://
www.nutriteck.com/sunyatakrl.html) adapted to bird
physiological parameters (osmolarity, temperature; see also
Alonso-Alvarez et al. 2004). The principle of the test is to
submit whole blood to a thermocontrolled free radical
aggression (2,2′-azobis-(aminodinopropane) hydrochlo-
ride [AAPH]; Rojas Wahl et al. 1998). All families of free
radical scavengers present in the blood are mobilized to
fight off the oxidant attack (Pieri et al. 1996; Girodon et
al. 1997; Lesgards et al. 2002; Stocker et al. 2003). Twenty
microliters of blood was immediately diluted in 730 mL of
KRL buffer (150 mM Na, 120 mM Cl, 6 mM K, 24
mM , 2 mM Ca2, 340 mOsm, pH 7.4). SamplesHCO3
were stored at 4C before analysis, which occurred within
24 h of collection. Eighty microliters of KRL-diluted blood
was incubated at 40C with 136 mL of a 150-mM solution
of AAPH. The lysis of red blood cells was assessed with a
microplate reader device, which measures the decrease of
optical density at the wavelength of 540 nm.
Statistical Procedures
ANCOVA models were used to analyze changes in plasma
carotenoid concentration, beak color, body mass (value at
day 28 minus value at day 0), and antioxidant defenses
(at day 28). The independent variables included two fac-
tors (sex and immune treatment) and two covariates (the
carotenoid dose and the squared carotenoid dose). This
last term was added to appraise the possible nonlinear
relationship between dependent variables and carotenoid
availability. All the two-way interactions were also included
in the model and were subsequently removed if not sig-
nificant ( ).P 1 .05
Differences in sample sizes reflect missing values due
to, for instance, reduced blood volume. All the statistical
analyses were performed using SAS software (SAS Institute
2001).
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Figure 3: Relationship between change in bill color (hue) during the 4 weeks of the experiment and the concentration of carotenoids in the drinking
water.
Results
Initial Values
Male zebra finches had initially redder bills than did fe-
males (males: , , ; females:mean SE 2.91  0.19 np 59
, , ; ,mean SE 7.42  0.32 np 60 Fp 145.8 dfp
, ), but the amount of carotenoids circu-1, 117 P ! .0001
lating in the plasma was similar for the two sexes (males:
, mg/mL, ; females:mean SE 31.77 1.85 np 50
, mg/mL, ; ,mean SE 29.74 2.02 np 52 Fp 0.55
, ). Initial values (beak color anddfp 1, 100 Pp .461
plasma carotenoids) of birds in the two immune treat-
ments and the six carotenoid groups were not statistically
different (all ).P 1 .10
Changes in Plasma Carotenoid Concentration
Carotenoid availability strongly affected levels of circulat-
ing carotenoids in the plasma (table 1; fig. 1). The squared
carotenoid dose was also statistically significant (table 1),
showing that the increase in plasma carotenoids attained
a plateau for the highest doses (fig. 1). Patterns of change
in carotenoid concentration were similar between sexes,
except for the highest carotenoid dose (fig. 1). This resulted
in a significant sex by squared carotenoid dose interaction
(table 1). Change in plasma carotenoids was equally af-
fected by immune activation (table 1). Birds injected with
PBS showed an increase in plasma carotenoid levels that
was significantly higher than the increase for LPS-injected
birds (fig. 2). Interestingly, the effect of immune activation
on plasma carotenoids was independent of carotenoid
availability as shown by the nonsignificant immune chal-
lenge by carotenoid availability interaction ( ).P 1 .5
Changes in Bill Color
Carotenoid dose and its squared term explained a signif-
icant fraction of variance of bill color (table 2). Birds hav-
ing higher access to carotenoids had a redder beak, but
again beak color reached a plateau for the two highest
doses (fig. 3). The effect of immune challenge on changes
in bill color was at the border of the significance threshold
( ; table 2). However, when analyzing bill colorPp .058
at the end of the experimental manipulation, LPS birds
had significantly less red beaks than did control individuals
( , , ; fig. 4).Fp 5.14 dfp 1, 116 Pp .025
In agreement with the idea that carotenoid availability
increased both the amount of circulating carotenoids as
well as beak color, we found that the color at the end of
the experimental period was predicted by the change in
plasma carotenoids for males and females (ANCOVA: sex,
, , ; change in plasma carot-Fp 37.92 dfp 1, 98 P ! .0001
enoids, F p 10.26, , ; fig. 5).dfp 1, 98 Pp .0018
Change in Body Mass
Body mass remained stable throughout the duration of
the experiment (repeated-measures ANOVA: ,Fp 2.02
, ). Individual variation in body massdfp 1, 112 Pp .158
was not affected by carotenoid availability, immune treat-
ment, or sex (always ).P 1 .3
Antioxidant Defenses
Carotenoid supplementation, immune challenge, and sex
had no effect on resistance to oxidative stress (carotenoid
dose in the water: , , ;Fp 0.57 dfp 1, 115 Pp .453
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Figure 4: Effect of immune activation (lipopolysaccharide vs. phosphate buffered saline) on residual bill color at the end of the 4-week experimental
period. Residuals were computed from a model with sex, carotenoid concentration in the drinking water, and its squared term. .Barsp SE
squared carotenoid dose: , ,Fp 0.19 dfp 1, 115 Pp
; immune treatment: , ,.663 Fp 1.48 dfp 1, 115 Pp
; sex: , , ). However, an-.226 Fp 2.02 dfp 1, 115 Pp .158
tioxidant defenses were positively and significantly cor-
related with changes in plasma carotenoids during the
course of the experiment ( ,slope SEp 0.054 0.018
); birds with the highest increase in plasma ca-Pp .003
rotenoids exhibited the highest value of resistance to ox-
idative stress (fig. 6).
Discussion
We found that carotenoid availability affected in a dose-
dependent way both levels of plasma carotenoids and bill
color. The relationship was not linear, and the amount of
plasma carotenoids as well as beak color tended to stabilize
for the two highest doses. We also found that sexes differed
in their relative allocation of diet carotenoids, at least for
the highest doses. Similar to previous recent results, we
found that immune activation diverted carotenoids from
the plasma (Koutsos et al. 2003) and affected the color of
the beak (Faivre et al. 2003), here irrespective of sex or
carotenoid availability. Finally, although antioxidant de-
fenses were not directly affected by the experimental sup-
plementation of carotenoids or the immune activation, the
change in plasma carotenoids during the course of the
experiment was positively correlated with antioxidant
defenses.
In the past decade, much emphasis has been put on the
potential role carotenoids might play as a reinforcement
mechanism for honest sexual signaling in animals (Olson
and Owens 1998). Several studies demonstrated that sup-
plementing carotenoids induces a change in the color of
traits used in mate choice (Kodric-Brown 1989; Blount et
al. 2003; McGraw and Ardia 2004). To our knowledge, this
is the first study that investigates the dose-dependent effect
of carotenoids on both the amount of pigments circulating
in the blood and the amount that is fixed in a secondary
sexual trait. Bill color is a sexually selected trait in male
zebra finches (Burley and Coopersmith 1987; Blount et al.
2003; but also see Collins and ten Cate 1996); however,
the function of female color is still unclear. Although males
prefer to mate with females in better condition (Wynn and
Price 1993), it is unknown whether they use female beak
color to assess female quality.
The dose-dependent approach allowed us not only to
test the idea that providing more carotenoids affects the
expression of a secondary sexual trait but also to detect a
dose beyond which a further increase in carotenoids in
the diet does not produce a change in carotenoids cir-
culating in the plasma or mobilized in the beak. These
findings show that at high doses, carotenoids are not lim-
iting for the expression of the sexual signal and that the
amount of plasma carotenoids is physiologically regulated.
Additionally, we found a significant interaction between
the sex and the squared carotenoid dose (table 1), reflect-
ing different relative allocation of diet carotenoids, at least
for the highest doses (fig. 1). This result is unlikely to be
due to sex differences in the allocation of carotenoids to
bill color because hue was not affected by the interaction
between sex and the carotenoid dose. Alternatively, this
might reflect a sex-related difference in the physiological
regulation of circulating carotenoids (see McGraw et al.
2003).
The reliability of carotenoid-based sexual signals is not
restricted to the ability of individuals to gather these pig-
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Figure 5: Relationship between bill color (hue) at the end of the 4-week experimental period and change in plasma carotenoids for male (open
circle, dotted line) and female (filled circle, solid line) zebra finches.
Figure 6: Relationship between resistance to oxidative stress at the end
of the 4-week experimental period and change in plasma carotenoids.
ments in the diet and assimilate them. At the physiological
level, carotenoids are involved in two important functions:
the modulation of the immune system and the detoxifi-
cation of free radicals (Burton 1989; Chew 1993; von
Schantz et al. 1999). For this reason, it has been suggested
that carotenoid-based signals are honest indicators of in-
dividual quality because only high-quality males can al-
locate significant amounts of these pigments to the sexual
signal at the expense of the other functions (Lozano 1994;
von Schantz et al. 1999). Experimental support to the
trade-off between carotenoid-based traits and immunity
has recently been provided (Blount et al. 2003; Faivre et
al. 2003; Grether et al. 2004; McGraw and Ardia 2004).
In this study, we supplemented males and females with
various doses of carotenoids, and we activated the immune
system with repeated injections of LPS. In agreement with
the predictions, our results show that immune activation
directly diverted carotenoids from the sexual signal by re-
ducing the amount of circulating carotenoids in plasma.
Interestingly, however, the effect of the immune activation
did not depend on the amount of carotenoids available in
the environment as shown by the nonsignificant carot-
enoid dose by immune treatment interaction. This result
suggests that even at high doses, carotenoids are used up
by the mounting of the immune response, and it confirms
findings of a recent work where levels of plasma carot-
enoids of chickens were reduced by an LPS injection when
birds were fed with a carotenoid-supplemented diet (Kout-
sos et al. 2003).
LPS is known to induce a wide-spectrum response ini-
tiated by the activation of macrophages and granulocytes
such as neutrophils in mammals and heterophils in birds.
Macrophages and granulocytes have a phagocytic activity
and produce and release a cytotoxic compound, NO,
which kills the invading pathogen (Klebanoff and Clark
1978). NO is a free radical (e.g., Fang et al. 2002), a very
reactive compound that can also have a toxic effect toward
the host cells and molecules (e.g., Allen 1997). Given the
antioxidant activity of carotenoids, it is therefore possible
that the LPS-caused reduction in carotenoid levels results
not only from the modulation of the immune response
but also from the scavenging of NO produced by the cells
of the innate immune response.
We assessed the global antioxidant defenses of male and
female zebra finches using a technique that evaluates the
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potential of red blood cells to resist a controlled free radical
attack (Rojas Wahl et al. 1998; see also Alonso-Alvarez et
al. 2004). All antioxidants in the blood are mobilized to
fight off the radical attack, and therefore, this assay pro-
vides an overall appraisal of the antioxidant status. We
found that the availability of carotenoids in the drinking
water did not directly affect individual antioxidant status;
however, birds with large amount of carotenoids in the
plasma at the end of the experiment resisted more to the
free radical attack. Several explanations could account for
this apparent discrepancy. For instance, the variance in
plasma carotenoids within the carotenoid dose groups sug-
gests that the uptake, the assimilation, or the transport of
carotenoids varied among individuals. This within-group
variation might have masked any effect of carotenoid sup-
plementation on stress resistance. However, an alternative
hypothesis could be that healthy birds may be better at
assimilating carotenoids and fighting free radicals, gen-
erating a positive correlation between plasma carotenoids
and stress resistance.
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